Time-dependent configuration-interaction-singles calculation of the
  $5p$-subshell two-photon ionization cross section in xenon by Karamatskou, Antonia & Santra, Robin
ar
X
iv
:1
70
1.
04
78
9v
1 
 [p
hy
sic
s.a
tom
-p
h]
  2
1 D
ec
 20
16
Time-dependent configuration-interaction-singles calculation of
the 5p-subshell two-photon ionization cross section in xenon
Antonia Karamatskou1, 2, 3, ∗ and Robin Santra1, 2, 3, †
1The Hamburg Centre for Ultrafast Imaging,
Luruper Chaussee 149, DE-22761 Hamburg, Germany
2Center for Free-Electron Laser Science, DESY,
Notkestraße 85, DE-22607 Hamburg, Germany
3Department of Physics, Universita¨t Hamburg,
Jungiusstraße 9, DE-20355 Hamburg, Germany
Abstract
The 5p two-photon ionization cross section of xenon in the photon-energy range below the
one-photon ionization threshold is calculated within the time-dependent configuration-interaction-
singles (TDCIS) method. The TDCIS calculations are compared to random-phase-approximation
(RPA) calculations [Wendin et al., J. Opt. Soc. Am. B 4, 833 (1987)] and are found to reproduce
the energy positions of the intermediate Rydberg states reasonably well. The effect of interchannel
coupling is also investigated and found to change the cross section of the 5p shell only slightly
compared to the intrachannel case.
PACS numbers: 31.15.A-, 32.30.Jc, 32.80.Rm
∗Electronic address: antonia.karamatskou@cfel.de
†Electronic address: robin.santra@cfel.de
1
I. INTRODUCTION
As a prime example of an atomic system exhibiting strong electron correlation effects,
xenon and its 4d giant dipole resonance in the XUV one-photon absorption spectrum have
been the topic of numerous studies over the past decades [1–7]. The one-photon regime of the
4d-subshell ionization was also studied within the time-dependent configuration-interaction-
singles (TDCIS) approach [8–10].
Nowadays, free-electron lasers such as FLASH [11] or FERMI [12] provide highly intense
coherent radiation in the XUV that allow for the investigation of matter beyond the linear-
response regime [13–15]. The availability of strong light pulses has increased the interest
in nonlinear atom-light interactions and, in particular, the role of correlation effects in this
regime. Recently, TDCIS was employed in the nonlinear regime to study XUV above-
threshold ionization in xenon [16]. The study revealed that two-photon ionization is a most
sensitive tool to probe the effect of collective effects in the 4d shell. The electron correlation
effects lead to two distinct resonance states constituting the giant dipole resonance [16]
which cannot be attributed to single particle-hole states [17].
Of course, multiphoton ionization in correlated atomic systems has been studied previ-
ously. Many-body perturbation theory was employed extensively over the last decades in
order to investigate the multiphoton ionization of xenon [18, 19]. The two-photon ionization
of the 5p subshell in xenon was calculated within the random phase approximation (RPA)
in various approximations and extensions [20–22].
In the present work we extend the investigation within TDCIS to the nonlinear ionization
of the 5p shell of xenon and examine the quality of the intermediate states as calculated
within the configuration-interaction-singles (CIS) scheme. In order to clarify the impact of
interchannel coupling onto the 5p ionization process, interchannel and intrachannel results
will be compared. While in the case of the 4d giant dipole resonance the intermediate states
of the two-photon process are resonance states in the continuum, here the first photon excites
an electron of the 5p shell to a Rydberg state, where it is ionized by the second photon.
We will show that within the CIS approach the two-photon processes and the intermediate
states involved are captured quite well. In comparing the results the RPA two-photon cross
section results shall serve as a benchmark for the TDCIS calculations in order to establish a
link between the two different approaches. Since TDCIS is a nonperturbative wave-function
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approach no diagrams or summation over intermediate states are involved. The aim is
to investigate the quality of the TDCIS two-photon cross section. Moreover, the TDCIS
one-photon cross section will be employed to demonstrate that the energy positions of the
Rydberg states found in the one-photon excitation process and the two-photon ionization
process are consistent, and that the ratio between the cross sections at photon energies of
consecutive Rydberg states is different in the one- and the two-photon processes.
II. THEORY AND METHOD
The time-dependent Schro¨dinger equation of the full N -electron system reads
i
∂
∂t
|ΨN(t)〉 = Hˆ(t)|ΨN(t)〉. (1)
The N -electron wave function is expanded in the one-particle–one-hole basis [8]:
|ΨN(t)〉 = α0(t)|Φ0〉+
∑
i,a
αai (t)|Φ
a
i 〉, (2)
where the index i and a denote an initially occupied and a virtual orbital, respectively. The
indices of electron and hole, respectively, represent the full set of quantum numbers n, l,m.
The total spin of the system is set to 0, since only spin singlets are considered. Here, |Φ0〉
symbolizes the Hartree-Fock ground state. The full time-dependent Hamiltonian has the
form
Hˆ(t) = Hˆ0 + Hˆ1 + pˆ ·A(t) (3)
=
N∑
n=1
(
pˆ2n
2
−
Z
|rˆn|
)
+ VˆMF −EHF
+
1
2
N∑
n 6=n′
1
|rˆn − rˆn′|
− VˆMF
+
∑
n
pˆn ·A(t), (4)
where the kinetic energy Tˆ =
∑N
n=1 pˆ
2
n/2, the nuclear potential Vˆnuc = −
∑N
n=1Z/|rˆn|, the
mean-field potential VˆMF and the Hartree-Fock energy EHF constitute the one-body operator
Hˆ0, Hˆ1 =
1
2
∑N
n 6=n′
1
|rˆn−rˆn′ |
− VˆMF describes the Coulomb interactions beyond the mean-field
level, pˆ ·A(t) is the light-matter interaction in the velocity form in the dipole approximation
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(assuming linear polarization), and A(t) is the vector potential of the electromagnetic field
(here a vacuum ultraviolet pulse) that interacts with the electronic system. The Schro¨dinger
equation is solved numerically via time propagation [23] as described in Ref. [8].
Being a multichannel approach, TDCIS allows for the disentanglement of all channels i
open to ionization. Furthermore, owing to the dipole selection rules one-photon excitation
or two-photon ionization populations can be discerned in the perturbative limit through the
different, yet uniquely determined, angular momenta of the final states. For this purpose
the matrix elements of the ion density matrix are calculated [8] and the populations of the
cationic states are considered
ρIDMii = Tra
(
|ΨN(t)〉〈ΨN(t)|
)
ii
(5)
=
∑
la
∑
na,ma
〈Φai |Ψ
N(t)〉〈ΨN(t)|Φai 〉, (6)
where the trace extends over all virtual indices na, la, ma. Here, the quantities∑
na,ma
〈Φai |Ψ
N(t)〉〈ΨN(t)|Φai 〉 are of special interest because, thereby, the depopulations
of a channel i can be classified according to the angular momenta of the virtual orbital
la. This means that the depopulations leading to a particular angular momentum of the
corresponding final state can be identified properly, as long as only one- and two-photon
processes play a role. In the case considered here, the channel of interest is the 5p ioniza-
tion. After absorbing one photon the 5p electron is promoted to a final state with angular
momentum l = 0 or l = 2, while the absorption of two photons of a 5p-shell electron leads
to a final state with l = 1 or l = 3. Since these angular momenta are disjunct for the two
different processes, the one- and two-photon ionization probabilities can be calculated by
distinguishing the corresponding 5p-shell depopulations according to the angular momenta
of all possible final states.
The cross sections σ(N) are then obtained as the quotient of the corresponding 5p de-
population by N photons, denoted as PN , and the fluence available for the process under
investigation F (N) =
∫
dt[I(t)/ωph]
N , where I(t) is the intensity envelope:
σ(N) =
PN
F (N)
, (7)
as illustrated in greater detail, for instance, in Refs. [24, 25]. Of course, the pulse em-
ployed for the calculations is sufficiently weak to satisfy the conditions of the perturbative
4
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Figure 1: Xenon 5p two-photon ionization cross section in the interchannel and intrachannel cou-
pling schemes below the one-photon ionization threshold. The series of peaks reflects the energy
positions of the first Rydberg states associated with an excitation from the 5p shell.
regime and to guarantee that multiphoton ionization beyond two-photon ionization remains
negligible.
III. RESULTS AND DISCUSSION
The two-photon generalized cross sections are calculated for each photon energy in the
interchannel and intrachannel coupling model using a Gaussian pulse with a pulse duration
of 3000 a.u., such that the energy width is small and, hence, can span maximally one
intermediate resonance state. In that way the pulse mimics a continuous-wave light field.
The results for the two-photon ionization cross section are compared in Fig. 1. The peaks in
both spectra can be attributed to the first several 5p Rydberg states, being 5p−16s, 5d, 7s,
6d, 8s, and so forth. They participate as intermediate states in the two-photon ionization
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Figure 2: One-photon excitation and two-photon ionization cross sections of the xenon 5p shell. The
energy positions of the Rydberg states, which are intermediate states in the two-photon process,
are reflected in both processes and coincide nicely.
process. The ns peaks are not altered in the interchannel scheme and can be nicely compared
to the intrachannel case, whereas for the nd lines a splitting is observed in the intrachannel
case. Also, the two schemes differ in the ratio of the line strengths of consecutive peaks.
Note that the line widths and peak strengths in Fig. 1 are limited by the Gaussian pulse
duration used.
In order to legitimate the quality of the positions of the Rydberg peaks visible in the inter-
channel two-photon ionization cross section we consider also the one-photon process in this
photon-energy regime where the 5p electron is excited into Rydberg states. The one-photon
excitation cross section is calculated employing the autocorrelation-function technique de-
scribed in Ref. [9]. For the calculation of the autocorrelation function a total propagation
time of 5× 104 a.u. is used which yields narrow cross-section peaks.
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In Fig. 2 both cross sections are shown together, i.e., the interchannel two-photon ion-
ization cross section shown in Fig. 1 is compared to the one-photon excitation cross section
calculated using the autocorrelation function. The energy positions of the Rydberg states
that result both in the one-photon excitation and the two-photon ionization cases coincide
nicely. There is merely a slight shift of the two-photon cross section to higher energies start-
ing from the third peak which could be due to a combination of the pulse duration used
in the calculations and the choice of the photon energy points, because every single cross
section point is calculated in a full TDCIS propagation using this very photon energy.
However, there is a significant difference in the relative heights of the peaks between the
one-photon excitation and the two-photon ionization processes. The two-photon ionization
peaks decrease more rapidly in height than the one-photon excitation peaks, and also the
ratio of the heights in the nd-(n + 2)s groups is different. This suggests that the interme-
diate states acquire a different weight in the two-photon transition matrix element. The
phenomenon of a different weight of intermediate resonances was also observed in previ-
ous work on 4d two-photon (above-threshold) ionization of xenon where the intermediate
resonance states constitute the giant dipole resonance [16, 17]. In that case, however, in-
terchannel coupling was identified to play an important role and to lead to intermediate
states that cannot be attributed to single particle-hole states. The intermediate states in
the 4d two-photon above-threshold ionization process were found to interfere and to lead
to a substantially broadened two-photon cross section. In the case of the 5p ionization the
intermediate states correspond to long-lived Rydberg states that do not interfere with each
other.
Regarding the absolute strengths of the spectral lines we note that TDCIS might deviate
from the experimental values, because the quality of the matrix elements within the CIS ap-
proach is restricted. However, qualitatively, the TDCIS two-photon ionization cross section
can describe the positions of the intermediate states. It would be interesting to compare
experimental two-photon cross-section measurements to the results presented in this work,
similar to the comparison performed in Ref. [16], in order to estimate the importance of
deviations from the CIS space in the two-photon ionization process.
Finally, we compare our results for the two-photon cross section with the results presented
in Ref. [21]. First, we note that in strong contrast to the results of the local-density approx-
imation (LDA) and the local-density random-phase approximation (LDRPA) presented in
7
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Figure 3: Comparison of the TDCIS two-photon ionization cross section with the RPAE results of
Ref. [21]. The agreement in the positions of the intermediate states is reasonable, even though the
TDCIS positions are slightly shifted to higher energies. The heights, however, are underestimated
by TDCIS.
Ref. [21] TDCIS produces no artificial structures in the two-photon cross section. Bound
resonance states as well as resonance states in the continuum appear quite naturally within
the TDCIS two-photon cross sections if they are accessible by one photon and, thus, can be
identified immediately as intermediate states.
Therefore, we compare TDCIS to the more elaborate model of the RPA-with-exchange
(RPAE) approach. When shifting the 5p binding energy about 0.3 eV down to the energy
found within RPAE the cross-section curves for the two-photon cross section agree nicely
as far as the positions of the Rydberg states are concerned. This is shown in Fig. 3 for
the range available for comparison as provided in Ref. [21]. There is a slight shift to higher
energies visible in the second and fourth Rydberg peak. The fact that the absolute heights
of the peaks corresponding to the Rydberg intermediate states differ in the two methods
can be attributed to the pulse duration used in the TDCIS calculations, which affects the
widths and the heights of the peaks. However, the same number of peaks is observed in
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both approaches and also their spacing agrees reasonably well. This suggests that TDCIS
results can be meaningfully compared to many-body perturbation theory calculations such
as RPAE including screening and double excitations.
IV. CONCLUSION
The presented results and, in particular, the comparison with RPAE calculations support
the assumption that TDCIS is an adequate tool to calculate two-photon generalized cross
sections that involve real or virtual intermediate states. In the case of the 5p two-photon
ionization process, the intermediate states are Rydberg states that manifest themselves as
peaks in the one-photon excitation cross section. Their positions are well reproduced in the
two-photon ionization cross section, but the relative heights of consecutive peaks can differ
between the one-photon excitation and the two-photon ionization processes.
Interchannel coupling is not found to significantly alter the 5p two-photon ionization cross
section compared to the intrachannel case. This stands in strong contrast to the two-photon
above-threshold ionization of the 4d subshell.
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